Introduction
Inflammatory bowel disease (IBD), which includes ulcerative colitis (UC) and Crohn's disease (CD), is a chronic inflammatory disorder of the intestine characterized by phases of remission and relapse. UC affects primarily the colon in a contiguous fashion and is characterized by superficial inflammation, whereas CD can affect any part of the intestine and is characterized by transmural inflammation. Genetic predisposition, dysbiosis, environmental factors and aberrant immune responses are key factors in the pathogenesis of IBD. Genome-wide association studies performed in IBD patients have identified 163 genes associated with the pathogenesis of IBD with about a quarter of them being shared between CD and UC [1, 2] .
Mucosal surfaces involve constant crosstalk between the epithelium, commensal microflora and the local immune cells. Owing to its complexity, even the slightest perturbations can potentially tilt the fine balance, and may result in inflammation and disease. The epithelial cells that are not just a physical barrier contribute a lot in the multidirectional interaction. They regulate the colonization and penetration of luminal microbe in many different ways [3] . The epithelium is also engaged in transducing the information about microbial invasion to underlying lamina propria by secreting a variety of cytokines [4] . Excessive activation of innate and adaptive immune components leads to inflammatory response and tissue destruction in IBD. CD is characterized by a Th1/Th17 phenotype, while UC has been recently recognized as Th2/Th17 disease. At the molecular level, a balance between the anti-inflammatory and pro-inflammatory signals is crucial. During disease, the molecular events that lead to a tilt in the balance are not fully understood. Post-translational modifications (PTMs) can rapidly and reversibly alter functional relevance of the proteome without the requirement of de novo synthesis of large sets of proteins. Understandably, PTM mechanisms including phosphorylation, acetylation and ubiquitination have been known to play a crucial role in IBD [5] . PTM by small ubiquitin-like modifier (SUMO) and its role in IBD has not been investigated. Our study focuses on understanding the importance of SUMO conjugation (or SUMOylation) during IBD, specifically in the context of epithelium.
SUMOylation is highly conserved and is central to the regulation of various cellular processes. Three SUMO paralogues (SUMO1, SUMO2 and SUMO3) are present in mammals [6] . The addition of SUMO to the target substrate requires sequential enzymatic action of E1 enzyme (SAE1/SAE2 heterodimer), E2 enzyme (UbC9) and one of several E3 ligases that act on specific targets. SUMOylation has been shown to participate in several fundamental cellular processes, including replication, transcription and genome maintenance [7] . Gut pathogens have been shown to target the host SUMOylation machinery and alter the SUMOylation level of host protein(s) [8, 9] . Several regulators of the inflammatory cascade have been previously demonstrated to be dependent on SUMOylation for their proper function [7] [8] [9] . The important molecule among these involves RelA, a component of the master regulator nuclear factor kB (NFkB) and its repressor, IkBa [10] . In this work, using multiple systems ranging from cell culture model to clinical patient samples, we demonstrate that SUMOylation status of epithelial cells critically modulates the activities of master regulators including the serine-threonine kinase Akt1, which in turn regulate the severity of IBD.
Material and methods
All chemical unless otherwise specified were obtained from Sigma-Aldrich, USA.
Animal strains
Female C57BL/6 mice aged six to eight weeks were used for the study and kept under controlled temperature. Experiments were carried out in the Small Animal Facility of the NII (National Institute of Immunology). The NII Institutional Animal Ethics Committee approved the study (approval no. IAEC#331/14).
Induction of colitis
Experimental colitis was induced by adding dextran-sulfatesodium (DSS; 40 kDa, Sigma, USA) to the autoclaved drinking water at 2.5% concentration (w/v). Animals were monitored daily for their stress and rectal bleeding.
Haematoxylin and eosin staining and immunohistochemistry
Proximal colon sections were fixed in 10% formalin buffer overnight and embedded in paraffin. Five micrometre thick sections were cut onto glass slides and processed for haematoxylin (Sigma) and eosin (Sigma) staining. The slides were dried and mounted using DPX mountant (Sigma) and images were taken using a Nikon (NY, USA) inverted fluorescence microscope. For immunohistochemistry (IHC), tissue sections were washed using 1Â PBS three times (5 min each). Further, the endogenous peroxidase activity was quenched by treating the tissue with 3% H 2 O 2 for 20 min. The tissue sample was again washed using 1Â PBS twice (5 min each), then blocked with 5% goat serum at room temperature for 1 h. The sections were incubated with anti-Ubc9 (1 : 200; Abcam, USA) prepared in 5% goat serum overnight in a moist chamber. Sections were washed with 1Â PBS five times for 5 min each and incubated with HRPconjugated secondary antibody (1 : 200) (Invitrogen, USA) for 2 h prepared in 5% goat serum at room temperature in a moist chamber. The tissues were washed three times using 1Â PBS, DAB substrate (Sigma, USA) was added and the reaction was stopped by keeping the slides under running tap water. The slides were counterstained using haematoxylin for 10 s and then washed with running milliQ water. The slides were visualized on a compound microscope.
Mouse primary epithelial cells
Proximal and caecal parts of the colon were isolated and cut longitudinally using sterile scissors. The opened colon was washed with ice-cold PBS containing the antibiotics gentamicin 50 mg ml 21 (Sigma) and penicillin -streptomycin 100 U ml 21 (Gibco, USA) for 10 min inside the laminar hood. Mucus from the surface was removed gently using a cell scraper with soft rubber. After the mucus removal, cells were treated with 30 mM EDTA for 30 min. Cells were washed three times in DPBS solution and seeded on sixwell culture plates coated with collagen. Cells were grown in Dulbecco modified Eagle medium (DMEM) media with added 2.5% fetal bovine serum (FBS), 10% insulin (Sigma) for 72 h in a BOD incubator. Cells were treated with AKT1 inhibitor (Sigma), S-adenosyl methionine (SAM) (Biovision, USA) and listeriolysin (LLO) (Sigma). For primary mouse rsob.royalsocietypublishing.org Open Biol. 7: 170024 epithelial cells, SAM 2 mM (24 h treatment) and LLO 6 nM (1 h treatment) were used.
Sample size estimation
Our fundamental step was to design a large value of computational power (at least 80%) with effective sample size within the available resources and ethical considerations. The variance or standard deviation for sample size calculation was obtained from our pilot study. For every differential expression analysis, the p-value was calculated. To this effect we required (n ¼ 22, power ¼ 80% and a ¼ 5% per group), using SYSTAT software for two mean calculations. Our ultimate goal was to establish the role of the SUMO pathway by examining a large sample size to gain understanding of the SUMOylation level in IBD. 
Human colonic biopsy samples

Cell transfection
HCT-8 and HeLa cells were used for transfection. One day before transfection, 2.5 Â 10 5 cells were plated in 24-well plates to obtain 50-80% confluence and transfected with Lipofectamine 2000 (Invitrogen) or DharmaFECT (Dharmacon, USA) as per the manufacturer's instructions. Briefly, 1 mg of plasmid or 20 pmol of small interfering RNA (siRNA) (Dharmacon) was diluted in Opti-MEM (Invitrogen). Separately, Lipofectamine 2000 for plasmid and DharmaFECT for siRNA transfection were also diluted and incubated at room temperature for 5 min. Following incubation, the two mixtures were combined and incubated at room temperature for 20 min. This cocktail was added to cells with Opti-MEM and incubated without selection for 24 h.
Western blot
Tissues were lysed in Laemmli buffer (20 mM Tris -HCl, pH 8.0, 150 mM KCl, 10% glycerol, 5 mM MgCl 2 and 0.1% NP40) supplemented with Halt complete proteases inhibitor. Protein lysates were separated on sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS -PAGE) and transferred to nitrocellulose membrane. Blots were probed with antibodies against Ubc9 (Sigma), SUMO1 (Sigma), SUMO2/3 (Sigma), AKT (CST, USA), p-AKT (CST, USA), Akt1 (CST, USA), p-Akt1 (CST, USA), GSK3b (Abcam, USA) and p-GSK3b (CST, USA). Akt1 kinase activity was assessed using a kit (CST, USA).
Quantitative real-time polymerase chain reaction
Total RNA from human, mouse and animal cells was isolated using the Nucleo Spin RNA-II Kit (MN, Germany) according to the manufacturer's protocol. 
Immunoprecipitation
Mouse and human tissue were lysed in immunoprecipitation (IP) lysis buffer (Thermo, USA). Halt proteases complete inhibitor mix (1Â) and 20 mM NEM were added to the mixture. Cell debris was removed by centrifugation at 13 000 r.p.m. for 10 min at 48C. The lysates obtained were incubated with protein G agarose (Thermo) beads for 1 h at 48C on an end-to-end rotor, followed by centrifugation to remove the beads and the non-specifically bound proteins. The precleared lysate was then used for immune precipitation with their respective antibodies overnight at 48C on an end-to-end rotor. As isotype controls, IgGs were used. The antibodybound proteins were then captured using protein G agarose beads and washed five times with IP lysis buffer followed by heating at 958C for 10 min in laemmli's buffer. For IP, two mice colonic tissue lysates and five patient biopsies were pooled in each category, respectively. Five hundred micrograms protein were used for IP. Isotype IgG (negative control) was also prepared for control samples. Immunoblots were done in triplicate using different mice total colonic lysates.
Enzyme-linked immunosorbent assay
Biopsies were pooled from five patients of each category. The homogenized sample was incubated for 5 min at room temperature to permit the complete dissociation of nucleoprotein complexes. Thereafter, the homogenate sample was centrifuged to remove cell debris and the supernatant was transferred to a new tube. The supernatant was assayed by enzyme-linked immunosorbent assay (ELISA) for IL-6, IFN-g, TNF-a, TGF-b, IL-10, IL-8 and thymic stromal lymphopoietin (TSLP) using the manufacturer's protocol (R&D, USA; DY206, DY285, DY210, DY240, DY217B, DY1398, respectively). pyro-Glu of the N-terminus and oxidation of histidine, methionine and tryptophan were specified in MASCOT and TANDEM as variable modifications. Peptide identifications were accepted if they could be established at greater than 50.0% probability. The Peptide Prophet algorithm [11] assigned peptide probabilities with SCAFFOLD delta-mass correction. The SCAFFOLD local FDR algorithm assigned peptide probabilities from TANDEM. Proteins that contained similar peptides and could not be differentiated based on MS/MS analysis alone were grouped to satisfy the principles of parsimony. Proteins sharing significant peptide evidence were grouped into clusters. The volcano plot was generated after performing the t-test using the software between DSS7 and control categories. A Venn diagram was generated from the total number of proteins identified using SCAFFOLD Quantify function for all three categories of mice. Fold changes and p-values were also calculated using SCAFFOLD. These data were used for pathway analysis.
Liquid chromatography -mass spectrometry/mass spectrometry
Ingenuity pathway analysis
Data were arranged according to p-values. The cut-off criteria less than or equal to 0.05 for qRT-PCR and less than or equal to 0.5 for protein data were used. A fold change of greater than 2 and less than 0.5 was considered for qRT-PCR data and greater than 1.5 and less than 0.5 for protein data (upregulated and downregulated) were uploaded in the Ingenuity Pathway Analysis (IPA) (Ingenuity, CA, USA) tool. The canonical pathways were displayed according to percentage overlap with molecules of interest and p-values.
Wound-healing assay
Transfected HCT-8 cells were treated with mitomycin C (10 mg ml 21 ) for 6 h. Cell migration was measured using a wound-healing assay [12] .
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Statistics
All results are expressed as the mean standard error from an individual experiment done in triplicate. Data were analysed with standard two-tailed Student's t-test and the Mann-Whitney U-test where applicable, with p-values of 0.05-0.001 considered statistically significant. We evaluated the statistics with SYSTAT and GRAPHPAD PRISM. Correlation studies were analysed with Spearman's correlation.
Results
SUMOylation pathway is down-modulated in chemically induced colitis in mice
We used the dextran-sodium-sulfate (DSS) mouse model to test the possibility of SUMOylation playing a role in intestinal inflammation. Groups of mice (six animals each) were fed plain water (control mice) or DSS mixed in their drinking water for either 3, 4 or 7 days (hereafter referred to as DSS-3 mice, DSS-4 mice and DSS-7 mice, respectively). Following the treatment, the animals were euthanized and the colonic tissues were isolated for analysis. Among these mice, DSS-7 mice as expected showed severe signs of inflammation (figure 1a) mRNA expression of Ubc9, as seen by qPCR analysis, reflected downregulation on day 4 (24-fold) and day 3 (22-fold) relative to control mice (figure 1g). These data indicate that Ubc9 downregulation is initiated even before the onset of markers of inflammation. Compared with control mice, the inflammatory cytokine IL-8/CXCL1 mRNA expression was pronounced in DSS-7 mice ( p , 0.05), while that of Ubc9 was drastically decreased ( p , 0.01), ranging from 1-to 30-fold downregulation ( figure 1h ). For the sake of convenience of understanding, DSS-7 mice were subgrouped in the following way for further analysis. DSS-7 mice with low Ubc9 (onefold to fivefold) were called DSS-7-Ubc9 Low and those with severely downregulated Ubc9 (sixfold and above) were called DSS-7-Ubc9 HyperLow . The subgrouping was done in this way because the decrease in Ubc9 among the animals was over a wide range. Among DSS-treated mice, Ubc9 HyperLow mice outnumbered Ubc9 Low . We examined if the Ubc9 protein levels correlated with RNA expression in Ubc9 Low and Ubc9 HyperLow mice. As can be seen in figure 1i , the Ubc9 HyperLow lysates displayed lower amounts of Ubc9 compared with Ubc9 Low lysates. In line with this, the global SUMO-1 and SUMO2/3 profiles of DSS-7 mice were also altered (figure 1j,k). We also checked the role of various deSU-MOylases in the global reduction of SUMOylation in DSS mice. As can be seen in the electronic supplementary material, figure S1, except for SENP7 expression of none of the other SENPs were altered in DSS animals. A mild upregulation of free SUMO2/3 but not SUMO1 was seen in the global SUM-Oylation blots of DSS-treated animals (figure 1j,k). To investigate if Ubc9 levels were mainly affected in epithelial cells, gene expression of epithelial cells isolated from the colon was analysed. Clearly, epithelial lysates of DSS-7 mice displayed much lower Ubc9 expression than that of control mice (figure 1l ). Furthermore, IHC also revealed expression of Ubc9 protein in the epithelial villi near to the nucleus in control mice but much less in DSS-7 mice (figure 1m). In line with this, the disease severity index (goblet cell loss, ulcers, epithelial erosions, neutrophil infiltration, etc.), as calculated by a blinded pathologist, also revealed that DSS-7 mice with hyperlow Ubc9 were more severely affected compared with other mice (figure 1n). On the basis of these data, we hypothesized that downregulation of Ubc9 may be an important prerequisite for the onset of inflammation.
Ubc9 modulates expression of inflammatory genes in colonic epithelium
To test SUMOylation-dependent modulation of inflammation, we used RNAi-mediated downregulation of Ubc9 in cultured epithelial cells (HCT-8) as shown in figure 2a. Inflammationrelated gene expression analysis was carried out using qPCR array (SAB Bioscience, USA) for 84 different NFkB signalling pathway genes. As seen in figure 2b , compared with the control siRNA-treated cells (si_control cells, or C1 in figure 2b ), about fourfold to fivefold downregulation of Ubc9 was seen in Ubc9-specific siRNA-treated cells (Ubc knockdown (UKD) cells). The qPCR data revealed a dramatic alteration of inflammatory genes such that genes encoding pro-inflammatory regulators RelA, cFos, cJun and others displayed significant activation (greater than threefold) (volcano plot, figure 2c ). Furthermore, overexpression of Ubc9-encoding plasmids (hereafter UOE cells, compared with C2 in figure 2b ) resulted in severe dysregulation of several NFkB signalling pathway genes as shown in the heat maps of C versus UOE (figure 2d). The volcano plots (figure 2d) highlight the nature of chaos in inflammatory pathway genes. Crucial regulators such as Akt1, Birc3, Icam1, Stat1 and others were induced by more than threefold ( p , 0.05) in UOE cells as shown in the tabular representation (figure 2e). Interestingly, level of RelA, cFos and cJun were downregulated in UOE conditions, hinting that level of Ubc9 in epithelium tightly controls expression of inflammatory genes. Based on the differential expression of genes in Ubc9 perturbed conditions, we were able to generate a network of interrelationship of genes highlighting nodes and biological relevance between various regulators using IPA software. The kinase Akt1 occupied a central hub in the inflammatory gene network, having regulatory connections with key regulators including STAT, CASP1, TNF family and chemokines (figure 2f). These data revealed that the SUMO pathway could potentially modulate the gene expression of the inflammatory pathway. We further validated our findings by individual qPCR analysis for some of these severely affected genes using in-house primers. PPARg, a crucial regulator of gut homeostasis, known to be regulated by SUMOylation [13, 14] , displayed an upregulation in UOE samples, while in UKD samples it was downregulated (figure 2g). Together, these observations led us to conclude that perturbation of the rsob.royalsocietypublishing.org Open Biol. 7: 170024
SUMOylation machinery can bring forth profound changes in the expression of inflammatory genes in the epithelium.
Extent of SUMO E2 enzyme Ubc9 expression correlates with severity of colitis in mice
To extend our understanding of SUMO status and its relevance to the inflammatory network, we reverted to our mice model.
We analysed gene expression using DSS-7 mice with either low or hyperlow levels of Ubc9, as shown in figure 3a.
We reasoned that comparison of gene expression in DSS-7-Ubc9 Low versus DSS-7-Ubc9 HyperLow would highlight the significance of the severe downregulation of Ubc9 and its connection to the inflammatory pathway. Similar to the experiments done in epithelial cells, we carried out expression profiling using an inflammatory gene array (SAB Biosciences, 100 mm 100 mm 100 mm body weight (g) figure 3c . For master kinases such as Akt1, where even the slightest fluctuations are known to be detrimental, the effect of SUMOylation perturbation seemed intriguing. We further investigated the RT-PCR data with fold expression and p-value threshold (less than 0.05) of genes, with GAPDH as reference, using IPA software, which is a computational tool for the integration and understanding of complex data. Differentially expressed genes from DSS-7-Ubc9 HyperLow when compared with DSS-7-Ubc9 Low and control mice were overlaid in a database to algorithmically generate a pathway network based on data available in the software. IPA comparative analysis of samples DSS-7-Ubc9 HyperLow with respect to DSS-7-Ubc9 low revealed involvement of TREM, NFkB, TLR and TNFR2 signalling pathways ( figure 3d ). Based on the differential gene expression in the control and the colitis animals' conditions, we were able to generate a network of interrelationship of genes highlighting nodes and biological relevance between various regulators. Based on the analysis, Akt1 occupied a central hub in the inflammatory gene network, having direct regulatory connections with key regulators including Jun, FAK, IFN-g, p38 and STAT that have relevance to the field of IBD (figure 3e).
Mice with severe intestinal inflammation display a distinct SUMO-1 proteome
Next, we set forth to determine the intestinal epithelial SUMOylome. Here, we were interested in understanding the colitis-specific SUMOylome in intestinal inflammation in vivo. As SUMO-1 participates in both SUMO-1 and in SUMO2/3-conjugated proteins, we restricted our analysis to the SUMO1-conjugated proteome (hereafter called SUMO-1 proteome). Lysates from control and DSS-7 animals were immunoprecipitated using anti-SUMO-1 antibodies (figure 4a) and global repression of SUMO-1 conjugates was clearly seen in DSS-7 mice samples (DSS-7-Ubc9 HyperLow ). The lysates were resolved by SDS -PAGE followed by in-gel tryptic digestion. These samples were subjected to ESI MS/ MS using the ABSCIEX 5600 machine (details in Material and methods). The data files were transformed into peptide maps using offline software PROTEINPILOT and MASCOT.
Using the online Panther tool [15] , we identified proteins present in various categories. SUMO-1 and SUMO-2 were identified and thus acted as the positive control for our experiment. Several interesting proteins among these included: (i) inflammatory pathways mediated by cytokines, (ii) MAPK/ rsob.royalsocietypublishing.org Open Biol. 7: 170024 IGF, (iii) JAK/STAT, (iv) T-cell activation and (v) TGFb signalling were upregulated in DSS-7 compared with control mice as shown in the pathway analysis graph (figure 4b). By contrast, proteins involved in autophagy were seen to be more abundant in control samples (figure 4b). We observed that several key regulators including Akt1 kinase and BIRC3 were present only in control samples but not in DSS-7 animals, implying lower abundance of their SUMOylated forms in colitis-associated epithelium. The electronic supplementary material, table S1 represents a list of important identified proteins with SUMO-binding motif and (SBM) and SUMO-interacting motif (SIM) in the proteins identified by using GPS SBM 1.0 [16] . Proteins such as NCoR1 [14] , RORg [17] , STAT1 [18] and Akt1 [19] have been reported to undergo SUMOylation. Among the identified proteins, several have also been previously reported in bowel disease [20] such as: STAT1 [18] , Nod2 [21] , ATG9B [22] , IRAK1 [23] , IL-17R [2] , RORg [17] and NCoR1 [14] . We further analysed our data using SCAFFOLD (v. 4.4.8, Proteome Software Inc.), which uses the peptide prophet and protein prophet algorithms for stringent data analysis. Numbers of different proteins identified in control compared with DSS-7 mice are represented in the Venn diagram (figure 4c). Our analysis revealed a large number of proteins, 428 in the control group compared with 379 DSS-7 mice. Among these, 117 proteins exclusively found in control mice were subjected to IPA signalling analysis. These were seen to be associated with thiosulfate disproportion III pathway, granzyme B signalling and ATM signalling (electronic supplementary material, figure S2a ). Sixty-eight proteins were exclusively found in DSS-7 samples. These were proteins known to be involved in dendritic cell maturation, NRF2 oxidative stress response, hepatic fibrosis and the thioredoxin pathway (electronic supplementary material, figure S2b ). Moreover, when DSS-7 were compared with control samples, pathways such as EIF2 signalling, mitochondrial dysfunction, eIF4/S6K signalling, unfolded proteins response and viral entry pathways were identified (electronic supplementary material, figure S2c ). Some of these pathways found from our analysis, such as ILK (integrin-linked kinases) signalling, that are associated with cell proliferation, migration and adhesion [24] , mitochondrial dysfunction and unfolded protein response, are relevant to IBD [25] . Interestingly, Akt1 was also present in control samples, but not in DSS-7 samples. Akt1 being a major mediator of cell signalling, we further investigated SUMOylation-dependent Akt1 levels and activity in mice samples. Levels of total Akt (hereafter PAN-Akt) which includes Akt1, Akt2 and Akt3 were examined (figure 5a). No significant change was seen in the protein levels of PAN-Akt in DSS-4 and DSS-7 mice in the proximal and distal region of the colon. Interestingly, phosphorylated-Akt1 (active form or pAkt1) increased in DSS-4 mice, while it decreased in DSS-7 mice. This was in line with the reduced levels of Ubc9 in DSS-7 mice. Together, these data reveal that Akt1 and p-AKT1, but not total AKT, were lowered in inflammed intestinal tissues. Next, we carried out IP of mice colonic lysates using SUMO1 antibody. First, SUMO-Akt1 bands displayed higher mobility (approx. 75 kDa) than the unmodified Akt1 (approx. 60 kDa) and were significantly reduced in expression in DSStreated animals compared with control animals (figure 5b). To examine this by an alternative method, samples were immunoprecipitated with Akt1 antibody and probed with SUMO-1 antibody. Similar to above, SUMOylated-Akt1 was seen to be more in control samples compared with those from DSS-7 (figure 5b, lower panel). A more pronounced decrease in levels of SUMOyated-Akt1 and Akt1 was seen in DSS-7 HyperLow compared with DSS Low or control animals (figure 5b). To check proportions of pAkt1 and SUMOylated-Akt1 (or SUMO-Akt1), we loaded exactly 10% of the input used for IP and probed for each of SUMO-1, pAkt1 and Akt1. Precise ratios of pAkt1/SUMO-Akt1 were determined by normalization of densitometry values of the band (figure 5b, right panel). Interestingly, the abundance of pAkt1 in samples was 49% of total Akt1 in control lysates, while 36% and 25% of total Akt1 in DSS Low and DSS HyperLow samples, respectively. Notably, SUMO-Akt1 was 3.66% of total Akt1 in control compared with 1.2% and 0.8% in DSS Low and DSS HyperLow samples, respectively. Clearly, the SUMO-Akt1 was most dramatically affected in the DSS HyperLow samples.
To examine the effect of the lowered levels of Akt1 on its function, we probed phosphorylation of GSK3b, a cognate substrate of Akt1. Akt1 is known to catalyse phosphorylation of GSK3b at serine 9 (GSK3bS9). GSK3bS9 phosphorylation was significantly lowered in DSS-7 samples with the levels being lowest in DSS HyperLow samples (figure 5c,d). To further consolidate this point, we used a non-radioactive Akt kinase activity assay. Phosphorylated Akt1 was immunoprecipitated from tissue lysates followed by in vitro measurement of kinase activity on recombinant GSK3b in the presence of ATP. As can be seen in figure 5e, both pAkt1 and pGSK3b were lowered in the DSS-treated mice samples. Together, these data suggest that DSS colitis leads to reduced levels of Ubc9, which in turn lead to a lowered level of pAkt1 and its activity.
Literature suggests that SUMOylation of Akt1 is phosphorylation-dependent and promotes its stabilization [19, 26] . Mechanistically, it was important to examine if the phosphorylated form of Akt1 was capable of undergoing SUMOylation in the context of intestinal inflammation. We carried out IP experiments using Ubc9 antibody and probed for pAkt1; we observed a strong interaction of phospo-Akt1 with Ubc9, which meant that pAkt1 in intestinal inflammation, similar to earlier studies, was capable of interacting with Ubc9 and undergoing SUMOylation. The interaction was diminished in DSS-treated animals, which may be due to decreased amounts of both pAkt1 and Ubc9 (figure 5f ). Overall, our data support the role of SUMOylation in DSS-induced colitis in mice and highlights the hypothesis that lowering of Akt1 SUMOylation correlates with severely decreased levels of Ubc9. Given the role of SUMOylation in inflammatory signalling, we next tested the role of SUMOylation in conditions of intestinal inflammation in human intestinal diseases.
Downregulation of Ubc9 and lowered activity of Akt1 in human inflammatory bowel disease samples
To investigate if these findings are relevant to human IBD patients, colonic biopsy samples were obtained by lowerendoscopic procedure in patients (age group 15-60 years) suffering from UC, CD and control individuals (suspected of IBD but declared negative). The required sample size was calculated to be 22 (statistical power of greater than 80% and a ¼ 5% per group) for each of CD, UC and control groups based on our pilot study. Compared with control individuals, intestines of CD and UC patients displayed , respectively (figure 6b,c) . We also examined the expression of several E3-SUMO enzymes, among which PIAS1 [27] was also downregulated in both UC and CD (data not shown).
To overcome the limitation of sample quantity and to get an averaged essence, we pooled samples (five in each category as explained in Material and methods) and carried out ELISAs of pro-inflammatory cytokines such as IL-6, TNF-a and IFN-g. Each of these marker cytokines were elevated in the CD and UC samples. Intriguingly, their levels were further elevated in CD UBC9-HyperLow and UC UBC9-HyperLow (figure 6e). Levels rsob.royalsocietypublishing.org Open Biol. 7: 170024 of anti-inflammatory cytokines including TSLP, IL-10 and TGF-b were lesser in the CD UBC9-HyperLow and UC UBC9-HyperLow compared with CD UBC9-Low and UC UBC9-Low (figure 6e). TGFb was slightly higher in the CD and UC samples, with no major difference between groups with varying Ubc9. This cytokine has anyway been assigned dual roles including proand anti-inflammatory activities in the context of the gastrointestinal tract [4] .
Next, we wanted to study the correlation of Ubc9 repression with the disease severity in CD and UC patients. The details of the UC and CD patient clinical parameters are shown in table 1. Briefly, four (18.18%) patients had leftsided colitis, and 18 (72.7%) had pancolitis in UC, whereas in CD most (20, 92.9%) had L2 colon disease. Out of all 44 patients in both diseased groups, 26 had mild and 18 had moderate to severe disease activity (17 moderate, one severe). The baseline characteristics of UC and CD patients with disease activity index are shown in table 1. The decrease in expression of UBC-9 was correlated with UCDAI and CDAI in UC and CD patients, respectively. The correlation indicated that the UCDAI and CDAI were maximal in the case of UC UBC9-hyperLow and CD UBC9-hyperLow among UC and CD patients, respectively. In the case of UC patients, the UBC9 HyperLow category displayed a higher number of patients in relapse when compared with the UBC9 Low category. Next, we investigated the status of Ubc9 substrate Akt1 in UC and CD of pooled biopsy samples. As expected, these samples also displayed the same pattern of lowering of Akt1 at RNA levels in UC and CD patients samples (figure 6f ). Repression was also seen in the case of p-Akt1, and akin to the DSS mice model SUMO-conjugated pools of Akt1 were lower in CD and UC patients as seen by SUMO-1 IP of the protein lysates (figure 6g). The status of Akt substrate phospho-GSK3b was also lowered in CD and UC patients compared with controls ( figure 6h ). Together, these data reveal that in IBD patient samples the SUMOylation machinery functions at suboptimal levels and this is accompanied with lowered Akt1 activity and heightened inflammation.
Ubc9 downregulation subprogrammes inflammatory environment via Akt1 signalling in epithelial cells
Lowering of Ubc9 in DSS mice and IBD patient samples resulted in increased disease severity indices and this led us to ask whether Ubc9 alteration is the basis for the exacerbated colitis or merely a consequence of the underlying disorder. Therefore, we next set forth to understand the interplay of Akt1 and Ubc9 in detail using in vitro and ex vivo models. In Ubc9 knocked-down HCT-8 cells, we observed a significant lowering of total Akt1 and pAkt1 (figure 7ac). Interestingly, Ubc9 upregulation resulted in an increase in the Akt1 protein and pAkt1 levels (figure 7a), thus revealing a possible direct upstream effect of Ubc9 on Akt1 expression.
The densitometry of the blots shows that these changes were significant (figure 7b-d ). Inhibition of Akt1 by Aktspecific inhibitor or Akt1-siRNA in HCT-8 cells did not result in significant changes in levels of Ubc9 (figure 7e), thus suggesting that Ubc9 controls Akt1 expression and not vice versa.
To test if the Ubc9-mediated regulation of Akt1 was not an effect restricted only to cell lines, we analysed gene expression in primary intestinal epithelial cells (PIECs) isolated from mice colon (figure 7f ). As PIECs are recalcitrant to genetic manipulations, we used chemical agents to inhibit Ubc9 [9,28] and Akt1. As can been seen in figure 7g, inhibition of Ubc9 by SAM or LLO resulted in concomitant loss of p-Akt1 levels. On the other hand, inhibition of Akt1 with a chemical inhibitor (Akt inhibitor VIII trifluoroacetate salt hydrate, Sigma) did not lead to any detectable reduction in levels of Ubc9. The densitometric analysis of the blots is also plotted (figure 7g right-hand panel). Moreover, the culture supernatants of PIECs inhibited for p-Akt1 showed increased levels of IFN-g, thus pointing towards an increase in pro-inflammatory signalling (figure 7h). Similar to these, LLO and SAM-treated PIECs also displayed an increase in IFN-g levels. In the case of LLO treatment, there was also a decrease in levels of anti-inflammatory cytokine IL-10 (figure 7i). The cytokine levels were also checked in DSS-7-treated mice epithelial cells for comparison, in which IFN-g was secreted more and IL-10 was secreted less compared with cells from control animals. Together, fold intensity of total p-Akt1 rsob.royalsocietypublishing.org Open Biol. 7: 170024 these data suggest that Ubc9 modulates expression of inflammatory cytokines via Akt1.
Epithelial wound healing is linked to Akt1 SUMOylation
To examine if Ubc9 and Akt1 crosstalk leading to heightened inflammation was due to reduced healing of epithelium, we carried out cytokine assays and wound-healing assays in epithelial cells. In these assays, supernatant of UKD samples in HCT-8 cells resulted in increased secretion of IL-8 ( figure 8a) . Similar results were also obtained when HeLA cells, treated with Ubc9-specific siRNA and stimulated with IL-6, were examined for inflammatory cytokines compared with control cells (data not shown). In line with this result, expression of a SUMOylation-deficient K276R mutant of Akt1 (hereafter SMUT-Akt1) displayed higher levels of pro-inflammatory rsob.royalsocietypublishing.org Open Biol. 7: 170024
cytokines. Protein levels of pro-inflammatory cytokines IL-8, TNF-a and IFN-g were seen to be higher in supernatants of cells overexpressing SMUT-Akt1 compared with those from wild-type (WT) or kinase-dead Akt1 (DN). Levels of antiinflammatory cytokines TSLP and IL-10 were blunted in SMUT-Akt1 transfected cells (figure 8b). As the Akt1/ b-catenin pathway is strongly connected to wound healing and epithelial proliferation [29] , we reasoned that the observed Akt1-dependent inflammatory signalling could be due to failure of wound healing. We carried out wound-healing assays [12] using HCT-8 cells. WT Akt1 transfection leads to significant healing compared with the kinase dead DN-Akt1 or SMUT-Akt1 (figure 8c). Healing was also seen to be less in UKD cells (figure 8c). Interestingly, SMUT-Akt1-expressing cells were most severely affected. This was also evident from the wound closure analysis (figure 8c, bottom panel). Expression of crucial wound-healing markers TNFIAP3 and TNFIAP8 increased (up to 10-fold) in WT-Akt1. TNFIAP3 and TNFIAP8 were downregulated in SMUT-Akt1 samples ( figure 8d ). The expression of NOS-2 was upregulated in SMUT-Akt1. No significant change was seen in the expression of Cx43 and PTGES2 genes. In line with this expression, TNFAIP3 and TNFAIP8 were severely downregulated in UC UBC9-hyperLow human patient biopsy samples. Level of PTGES2 on the other hand was downregulated in both UC and CD UBC9-HyperLow patient samples compared with UC and CD UBC9 Low samples (figure 8e). Together, these data reveal that Ubc9-dependent lowering of Akt1, particularly SUMOylated-Akt1, may be responsible for failure of wound healing which itself may be promoting pro-inflammatory mechanisms in epithelium. Overall, our results highlight that these changes are detrimental to functioning of inflammatory regulators and production of key cytokines, events that are important for intestinal inflammation.
Discussion
In this work, we have investigated the importance of SUMOylation and its connection to IBD. We demonstrated that SUMOylation alteration perhaps assumes a central role in subprogramming molecular pathways when cells transit from a healthy state to an inflamed state. Although SUMOylation has not been explored at all in IBD, it is not surprising that SUMOylation is important, given it has been an emerging paradigm in the case of inflammatory diseases and immune biology [10, 30] . The causative reason for the observed SUMOylation alteration was downregulation of the sole SUMO E2 conjugating enzyme, Ubc9. This enzyme, being the only E2 enzyme, is seen to be sufficient to regulate the overall SUMO status as seen in many instances including a mutant cell model of colon cancer, brain astrocytes, KRAS and invasion of colonic cells by gut pathogens like Salmonella and others [8, [31] [32] [33] [34] . Similarly, in rat brain cells, SUMOylation was required for the suppression of inflammatory responses by LXRs in IFN-g-stimulated astrocytes [35] . Thus, there are numerous examples of SUMOylationdependent control of inflammation including those involving SENPs [30] . The downregulation of Ubc9 and global SUMOylation leads to an alteration in the SUMOylome which potentially modulates the cellular proteome leading to dramatic signalling and transcriptional subprogramming [36, 37] . PTM machineries acting as molecular switches and governing cellular transcriptional programmes have been recently reported [38] . Control of inflammatory regulators PIAS1, NFkB and JunB is already known [39] . These regulatory factors are equipped with abilities to bring forth rapid and reversible changes in a cell in a context-dependent manner. Our experiments in the DSS mice model revealed Ubc9 expression alteration begins even before the onset of discernible symptoms of inflammation. Intriguingly, Ubc9 downregulation was discernible mainly in the proximal colon initially (day 3); possibly this might be tissue level signalling that later transduces to the distal colon in terms of inflammation, as on day 7 Ubc9 decrease was observed in distal colon as well. In mice as well as in human patient samples, the disease severity, as may be seen by cytokine profiling or disease severity index, was more pronounced depending on the extent of Ubc9 downregulation.
The epithelium is known to regulate the dendritic cell and other immune cell function by secreting a battery of cytokines such as thymic stromal lymphopoietin (TSLP), transforming growth factor-b (TGF-b) and prostaglandin E2 [40, 41] . Epithelial Hassall's corpuscles of the thymus secrete TSLP, where it activates myeloid dendritic cells, a process that promotes the proliferation of regulatory T cells [42] . TSLP expression in some mucosal surfaces have been reported to be NFkB-dependent [43] . In line with this, these patients displayed a higher levels of IFN-g, a pro-inflammatory cytokine known to be secreted by dendritic cells and other immune effectors in response to the epithelial signals [40, 41] . Intestinal epithelial cells secrete TSLP to condition the non-inflammatory status of dendritic cells, and they later secrete IL-10 and IL-6 which programmes a TH 2 noninflammatory response [43] . Also, TGF-b that is known to negatively regulate the NFkB-dependent genes was found to be lower in the patient samples with UBC9 HyperLow . Contrary to this, pro-inflammatory cytokines such as IFN-g, TNF-a and IL-6 were considerably higher in CD UBC9-HyperLow and UC UBC9-HyperLow compared with the control group ( p , 0.05).
This implied that in the patients with lowered Ubc9 and SUMOylation machinery, the conditions were more favourable for inflammation. The DSS-colitis mice displayed a distinct SUMOylome compared with control animals. This may be due to several factors, the primary one being downregulation of Ubc9. The role of E3 ligases and SENPs may have either additive or synergistic effect, which cannot be ruled out.
Among the affected candidates, we saw a large group of factors that were transcriptional regulators, inflammatory mediators, kinases (such as Akt1), immune regulators and vesicular transport system members. This gives us an idea of the scale at which altered SUMOylation machinery can affect the cell. A computational analysis of genes known to be important for IBD reveals that several among them have potential SUMO conjugation sites and/or SIMs (electronic supplementary material, table S2). Involvement of Akt1 in colitis as revealed by our study is one such example. It is surprising that this important kinase has not been well explored in the pathophysiology of IBD. Total AKT (Akt1, Akt2 and Akt3) increased during development of various cancers, but in contrast, Akt1 levels were seen to be diminished [44] . Thus, the various isoforms of AKT are non-redundant and have context-dependent functions [45, 46] . Recently, several groups have reported the role of SUMOylation in controlling rsob.royalsocietypublishing.org Open Biol. 7: 170024 Akt1 function [19, 26] . In our case, we saw lowering of levels of Akt1 gene transcripts, total Akt and phospho-Akt1. These changes were accompanied with compromised activity of Akt1 in cells with lowered Ubc9. This is in line with a report by Lin et al. [19] who demonstrated that Akt1 SUMOylation enhances its own stability and the status of global cellular SUMOylation. Deleterious effects of Akt1 lowering were reported by Ding et al. [47] , who observed repressed levels of pAkt1 (S473) kinase in inflamed Ubc9-defecient Treg cells. Similarly, ablation of Akt1, but not Akt2, promoted DSS-induced IBD in mice [48] . ERK signalling activation and epithelial and mesenchymal transition (EMT) is induced upon Akt1 downregulation. EMT is involved in chronic inflammation during IBD [49] . The connection of inflammation and Akt1 substrate GSK3b was also seen in our work. GSK3b signalling is a very complex phenomenon and its precise connection to IBD will be an interesting avenue for future investigations. IBD pathophysiology involves cumulative effects of epithelial inflammatory signalling as well as wound-healing mechanisms. We also observed that both SMUT-Akt1 cells and those that are knocked-down for Ubc9 displayed compromised wound healing. A positive role of Akt pathway in wound healing and cell proliferation has been well reported, which supports our results [50] [51] [52] [53] . During IBD, intestinal tissue actively engages in wound-healing mechanisms. Failure of wound healing, as seen in our experiments in the case of CD UBC9-HyperLow or UC UBC9-HyperLow , may activate further inflammation and result in a vicious cycle leading to disease severity.
Our work highlights the role of SUMOylation in multiple points of the inflammatory pathway ( figure 9 ) and thus raises the potential of SUMOylation as a single point that may be targeted for fine-tuning the inflammatory circuit for therapeutic treatment of autoimmune disorders. As SUMOylation is the common switch for the regulators that control intestinal inflammation and disease, we postulate that this novel theme may be taken as a new lead for therapeutic intervention for IBD.
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